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Abstrасt. Diсleоtiс slrесtosсорy (Ds) of living ьio]ogiсаl
сеlls is ьasеd on thе anаlysis of сells suspепded in a
physiologiсаl mеdium. lt providеs knowlеdge of thе
polarizаtioп-rеlаxation rеsропsе оf thе се|ls to еxtеmаl
е]есtriс fiсld as funсtion of the ехсitаtiоn freqrЕnсу. This
resрonsе is stгongly аffесtсd bу both struсtural аnd
molесulаг рropеrtiеs оfthе сеlls аnd, thrrеforo, сan rcveаl
rarс insiфts inlo ссll рhуsiology апd Ьеhavioiг. тhis studу
dФlonstratеs tIrc rnaрping рot€ntial ofDs afier с}toрlаsmiс
аnd mсmbmnаl narkегs for сеllьased sсrееnin8 аnalуsis.
тhе еffесt of mеmbranс pсrmittivity аnd сytoplasm
сoпduсtivity \!as ехаmined rusi,$g tAEEed MBА a|t мDСK
осll linсs rеspосtivеly, Тhе сomрaгison ofthе diе]есtriс
sресftа of tаgged аnd nativе сеll lines revеаls сlеar
diffеrеnсеs bеtwееn the сеlls, ln аdditioц thе diffrronсes
in thс mаtсhing diс]ссtriс propеrtiеs оf thе сеlls wете
disсоvеrеd. тhosе findings suрIютt tье high distinсtio[
rеsolutiоn and sensitivitу of Ds aftеr finе пroleсirlаr аnd
сellDlaг сhangеs, and Ьenсе, hiф]iфt the hiф рotеntial of
DS as nоlr ilvаsivе sсreеnin8 toоl in cе]] biology resefiсh.

кеуwords: diеlесt.iсsресtrosсopy, intеrfaсia] po]arizatiоц
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1. Introduсtion

Diеleсtriс propеrtiеs сап рrovidе а rarе insiфt into
the сеllular аnd molесular statе ofьiolоgiсal сells, Diеlеctriс
study of ьiоlogiсаl сеlls was ехplorеd for thе first tin,Iе bу
ноеbеf, who invrstigаtеd lhе dieleсtriс propеrties of
Еrуth|ocуtеs [l], тhе foшdаtions of шdeтstаnding thе
dispсrsion mrсhanism of biologiсаl сеlls susРеndеd in
physiolоgiсal mеdium havе been suggеstеd bу sсhwan
basеd on thс thеoriсs of mi\ed dieleсtriсs, devеloprd by
Mахwе|| & Wаgпеr [2-4]. sinсe then, thе dirlrсtriс
pтopеrtiеs of rnaпy сеll б?es hаvе ьсеn ехрlored by a
numbrr of authors [5 9].

Diеlесaiс Рroрerties of biologica| сеl]s are mаinly
сЬагасtеrizеd Ьy p dispеrsion mесhanjsm whiсh ассotmts
for the medium (МF) and hiф (IrD rangе of the rаdio
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sресtrum [9 l0]. This meсЬanism is dne b n4ахwеll.
Wаgnеr eftect (intеrfaсiаl роlarization' ассording to
onsаgсr it сan аlso ье assumеd as nюlесular рolalization
[l  l]) аt thе еxtеrnal and intеrnal intеrfасеs of |hе
рhospholipids mеmьтаnе [l2.|4]' In аddition, а minor
сontriьutiоп may bс duе to dispersion of small intraсеllulат
orgапelles, whiсь usuаl]y apрear as a sпЙll аdjunсt to thе
, djsрrrsiоn at high ftеquеnсiеs.

Diеlесtriс sp.'сtrosсФy (Ds) teсhniques саn рroйd€
сornрrehеЛsi!€ knоwlеdgс about сеll stгuсfurе aпd рropеrtiеs,
intraсеllulаr сontсnl, mсmbrаne shapе and sеlесtivity аfld
rr'аnу rr'оre I l 5-22]- D}nаmjс djе]ссtriс sр'сtrosсopy allows
}аl timе quаntifiсаtion of сcllLrlаr and [юlесular prосеssеs

oссuтrщ in сеlls during variеty of ьiologiсal rnфhanisrrБ
likе: grоь'ti, aсtivity, diйsio[ еtс' [2з-2,7],

Rесеnt inlсrests in thе devеloprrЕnt оfnеw tirouglрu!
rюn dcstruсtivе sстееning tссhniquеs fie lаrgеly drivеn Ьy
the рtgrtial fоr assфjating physiсаl пЕthods йth сеll and
nюlесular Ьiology mсthodologiеs. Cеll bаsеd sсrееning is a
рowеrfu] rrЕtЬod tьаt usеs living сеlls tо tеst th€ еffесt of
differelt пrolфulеs likе drus and tоxiсar$ oп thе сеllular
аnd пюlесu|аr nhmol}те of се||s. ТhЬ tесhпjquе геquiгеs
thе usе оfhiФ sсnsitive tooь ttвt pеrmit hiф s@ syshrnatiс
idеrfifiсation ofbioсhеrniсаl targеts аnd markФs on given
сell liЬrariеs, TЬis stuф is aiming to dеmons!*ate thе i]sе of
DS аs рtеntial sстeeпiлg tool foI BiGmarkefs in сe]l basеd
sсroening аnaЬ,ъь, h с'rder to шdеIstand ils nЕфodologiсаl
inФaсt, il is сritiсal to gеt аn insiфt into пюге fiлdаiтЕnta]
rеsсarсh of пвт]Ьranal and c}toplasnвtiс tagging еffесt
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cсll lin{rs havе ьеen usеd to invсstigate the еffeсivaress of
Ds aftrr intгасеllular аnd rrЕтIrblanаl mtrkeБ тesDeсtivеlv
нeгe йе inEасе|lu|аr сfleсt wа" сheсtеd using SЕё/J ovеr-
ехрrеssing ilDСt( сеlls, тhе effесt of the memьranе was
tested by сosting ,l'B,'1 сells йdl frее /eсл:,? antibodies thаt
bind glyсоsylato elcmrnts on сell surfaсe, тhе analуzеd
dieleсtriс sресtтa сonfгm thе influercе ofbоth rпаrkrls оn
the dieleсtriс Ргаmеtетs of the сells. с}toplasrn сспlduсtiviry
ofStC,/J mutаnь and IrвmЬranе pеrmittivitу of,l8l сoаtеd
сetls wетe fotmd t]o bе afeсted whеn сoпrDarеd to thе nаtive
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сell lines. TЬ06r findin8s pIoйф the nесеssаry lсrоwlrdgе
rсgardiлg thе aьiliry to сoIrсlatс molесulaт and сеllulaт
rnarkeгs, апd сlвngеs on thе matсhing сorурlrx diеlеоtriс
Фссta ald рaiarrЕtеIs of thc сel|s.

2. мodeling the Dielесtriс Responsе
of сells

Аmlрis ofdiеlосtric pararnеters deреn(ь upon сеll
topogmphу; thетсforе' an аpploртiatе еlесtriс mod€l
should ьс appliеd Ьasеd on those сharасtеristiсs, Most
ьiologiсаl сеl|s сan bе tIедtеd as thin insulаting shеllеd

сomponсnt (mrmьrаnе) еnclosing сonduсting medium
(сytoplasm)' This simрlо dоscтiption Ьrоught manу
thеories and models devсlopсd by sеveral аuthors' Тhе
first rrюdеl of sh€Il€d-sphегoid was intlduоеd Ьу Еriсk
[28], later it was extendсd to thс саsе of shelled-ellipsoid
paIriсles [29]' Those mоф|s howеvеr, wеre limitсd Ф
low fтequеnсiеs anаЦ1sis. siocе thсn, scveга| rnоdеls werс
pтoposed by Paulу [з0], Hanai [3l]' аnd Redwood [32].
тhosс howсvfl, suffсrеd flom sеvffаl limitations. тhе
first сomPlеtе rrюdеl was introduсоd by Asаmi and наnai,
who foт thе first timе prеsеntеd unlimitсd аpрIoасh for
diоleсtтiс anаlуsis of suspеndеd shеlled ellipsoi& [33].

Fi& l. Topogrаphiс imдgсs оfсеl|s: topogгарhу ofjoinеd 
''a,t 

ссlls (?0x70 mm) (s); tФogrарhy
of siпglr ]иDск се|| (40х40 mm) Ф). Botь imagеs reсoг&xl in ph}ъiologiсal фnditions in DMЕм solutiФ

Both tlBА and MDcK cеlls ехhibit арpfохimаtф еliiptiс
stfuсturе (Fig. 1), and thеrеforе' сan ьe trratеd using thе
dispersed shеlled е]]ipsoids analysis' }lете thе сrlls arе
dеsсr iьed аs two phasе systсms (mrmЬrале and
сytoplasm) sufrоuлdеd ьy inflлitе and continuous medium
(Fig. 2). вasсd on thе theory of intсrfaоiаl рolагizatioц
the сoщlсx pormittivity of dispсrsеd shеlled elliPsoids
a. , suspсndеd ifl а пЕdium with сornрleх Pеrпittivity €; 'is given by:

wъотеg; is the сoпрlох permittivity ofthe shоllоd
cllipsoid acтоss thе t aхis, wЬеn:

Ф =4nR,R'R,N
- r is thе volшnс fтaс|iоn ог|hе сеl|s,

/, is mеmЬranе thiсknеss and L |, L Й ( k = х, у, z ) af e
thс deрo|aгization faсtors, givеn ьy:

,  =R"R"R"i  J '  r4r
l 1л; ..\(л; i"|я", "]i; i,)

r ,  = R.л,л.т.  
.  d '  ..  2 i  lл i  *"V(л: +slлj +"lлj +,)

( l)

(s)

aпd y is .hс volume гаtio givст by:

лй.лn. lRЁ
Y=-

(& +^, Iл +Al lлA+^l)

Jo'
(3)

Ilere thе сопtрlех mrdilm роrmittivity is reрrеsсntrd
by the averаgе valuе€;. It can be found within thс Iаngе
of e] < r'j < e. ' whеn it dсрсnds on сеlls сonсentratioll
At low сопсеtrlгаtion, the mсdium arouпd eaсh се|| is
assumеd to ьe homogcnous (сell frее), and thстеforr'
Е; : €; . when tьe ссlls сonсentrаtiotr Ь higь, сасЬ single
сcll suттoшdсd ьy a mixtuтe of сeIls and rюdrulц аnd
thсrefmс, е] =€..
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Fig.2. sьс|lеd еllipsoid modсl: x Y рlаne (|еfl), Y Z PIаne (гigh0'€;, ej-' сi гepresent
thr сomрlсx pеrmiaiйty of mсrjium. membranе (red) аnd с}toplаsm (}tllow), rеspесtivеly

3. Experimеntal

3.! Pгepaтalion аnd analysis of сеlls
3.l.l. сеll сulturеs

^'|аI1iп-Dаrbу 
Саninе Kidneу Еpi|hеliаl (MDСIo

wild t}те or staь|с trаnsfeсtеd 'r|ith SЕС] 3.GFP. MBА-l5
сеlls arе rnагrow strсfinа dеrived o6lсорrоgеnitors [з4]. Тhе
сеlls wеrе сultured in growф rncdiurn Du|bессo's мqtifiеd
ЕssФtial моdium (DМЕМ) suрplсmеntсd with l 0 % ьeat
inасtivatеd lсtal сalfsеrurn (Fсs), l % elutaminе аnd 1 %
аntiЬiotiсs. аnd fiaiпtаilЕd iD 5 % сo. at 3 l 0 к.

з.l.2. Fluoresсenсr-асtivаted сell sorter lFAсs)

B|лlJjлgof bionnуlаtеd- lес |in Hеliх pomoliа {HPА '
slвmаl lо сеll sLffaсе саrbohydrаlе геsiduеs с\pгеssioп
wсrс anа]yzеd by FAсs. Fот thе ana]уsis adhеrеnt сс]]s
wсrс тr|еasеd from сulfurе rЬing 0.5 mМ ЕDTA in PBs.
single се]I suspeпsions wеrс ь|oсkin8 Ьuffеr, PBs
сontаining l % Fсs' theп thе с'еl|s wсrе inсuьаtеd for з0
min on iсe witЬ HPА bio|in .ooj|'gdte and stаined йth
Ехtlаvidine-FlтC (sigmа). loi сеlь wсrс сollесtеd ьу
FAсs' аnd stotistiоal аnalуsis wаs ретformed using
softwarс from вссton Diсkinson аs dеsсribсd еarliеr [35l.

F|g. з. ЕAсs aпd сl.P ana|}sis
Quantrying FAсs datа (а)i thс lеvеl of t]uo.сsссnсе
iпtensity is givсn ьу lhе х aхis, the nuпbеr 01.сеlls is

giveп ьy tье Y eхis' Dol p]оts of lесlin сoatеd сеlls (нP,4a]
апd untаg8сd стlls (6/d'&) (b)] th€ lФсl of fluorеsсeпсс

intensity is givсn ьy the Y dis' thс rclgtivе si?€ of thr фlls
is rФrё"сntеd by lhe foмa.d sсattсr signаl givеn ьу lhе

х aхis, singlе сеll GFP stаining olseсlj protеins (с)
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3.l.з. Fluorcsсrпt miсrоsсopy obs€rvаtioпs

тhе,4Dск-GFP-transfесtеd сеlls wеrе oьservеd
with invегtеd fluоresсent miсrosсopе (zеiss, Axioveгt
200М, Gеrrnаny). тhе imagos wет€ асquired with an
Axioсаm МRm moпoсhromo сCD сamеra. тhе сCD
сamеrа drivе and сoloш aсquisition woте сontrollеd ьy
Axiovisioп 4,4 ilrrаging systеrц thе ооmposites оf tlЕ
di8itizеd imаgеs wеrе аsseпй|ed using AdoЬe [з6].

з.l.4 AFм anаlysis

Thе тIюrpЬologiсa] parаmсtеIs of thе се]ls wетr
rnеasuгеd using Atomiс Foгсе мiсrosсopy (Piсo sPМ П,
Мolесular Imаging). тhе tоро8rаpьy of thе сеlls was
frсoтdеd in сontaсt modr using si]iсon nitтidr tiрs (Vеесo
NР-sеriеs, lF0,06 N/m). Forсе seфoint wаs takеn to bе
5 nN with sсan ratе of0.4 ]jnеs/s- Тъe се]ls werе irnagеd
in рhуsiologiсаl сonditions jn a sресifiс fluid сеll сovеrеd
wi1h 200 р] of thе ссlI sеrum (gowth mеdiurn)' Sсvсral
сеl|s selе lhen аnаl},,еd lD oгdеr lo oblаin lhсiг а\clаge
gеоmеtriсal diлепsiois.

Rаgini Rаj Singh et o].

Меisurements of сеll susoеnsioпs

3.2. Dieleсtriс measцremеnts
Diе|есtriс mсаsurсmmls of сеlI su5pеnsionr wеге

саrriеd orrt ovеr a ftеquеnсy rаngе fiom 100 нz to 100
Мнz using 4284A LсR mеtеr аnd 4294А Prесision
Irnреdanсr Analyzеr (Agilоnt trсh.). All mеaslгrrrЕnts
werc сarriеd оUt Using раrаllеl рlаtе соndепsет сortsistjng
of Pt blaсk сoatсd e]есtтodоs and a Tеflon spaсеr. тhе air
саpасitаnсe was 0.26 РF, tоtаl vоlume of 750 Fl.

Тhе suspеnsion medium was evаluаted ьefoте еaоh
meаsuIemепt fоr Ьoth сonduсtivity аnd relаtive
pеrmittiviб,. сеl|s at spссifiс сoDcеntration wеrе filtеrеd
out from thе gro\ith mediшn and then susрended аgain in
a flеsh mеdium (totаl volume of 750 ttl) ьсfofе еaсh
mеаsLrlФnent. Аll mеаsurеmепts wеrе pеrfоrmеd at room
temрerаturе (298 K); еvоlution of mеasurеmепts is
sшirnатizеd in Tablе l. тЬе mеаsurеd datа wаs сorrесtеd
for leаds/сеll induсtanсе and роlarization imгedanсе
(seсtioп з,з), In additiоn, non linеаIitу оf сurrеnt wаs
сhесkеd tо avoid етfors in сofrесtiоn оf ро]arization
iлrреdanсе whiсh сan ьavс ]аrge inpaсt on thе meаsurеd
dаta .sесtion з-з).

Tаble ]

сell r}тe
МBА 0.03 2

0.0з 2
МDсK 0.05 2

мDCK-Je. ll3 0.05 2

тhе mеasured diеlесtriс speсtrum was ехtraсtеd
ftom thе оorreсtеd iпIрedaflсe data using аn eqцivalrnt
еlесt l iс с irсuit (Fig. 4) '  неrе C- =q(Е, jэ.) is t l 'е
сomplеx сaрасitanсе of the susрension and R-
rеplеsепts ihе lеаkagе сrment drоuф the саpaсitor (dс
сonduсt ivjtу). Ехtraсt ion of phasе рaramеtеrs was
pеrfотmed Ьу fittiпg the mixеd dielесaiс еquаtion (Еq, l )
tо thе mеаsurеd dielесtriс sPeсtrrrm aссording to the
proсеdure suggested ьеfore [зз]'

3.3. Linearity effeсt and impedanсе
сotтесtions

Тhe рolаrizаtion impedanсе is indеpеndеnt of
сurrent dеnsit i rs only fol  smal l  dеnsit ies, тhis
рhenоmсnоn is сr i t iсal  mainlу in high сonduсt lvе
samples and on low frеquеnсirs [37]- неrr linеаrity оf
the impеdanсr wаs сhесkеd for рlat inum ьlасk
еlеctrodrs (-0,? сm,)' a8ainst lаIgе referenсe, in
DМвМ solution fоr fтеqueпсy rаnge ftоm 100 нz up
to ] kнz (Figs, 5a' Ь),

EL.ron.t Polnttation

с.tlьвds i,aц.|d..

Fig. 4. Еquivalеnt еlесlriсal сiтсuit. Thе samplе is
rеpтеsеntеd by peall€l сapaсitor (q) and r6ьtoт (R-)

whiсh stand for pеrmittivity Дd сoпduсtivity' rеspесtivе]у'
Thе еttесt of сеlylеads induсtanсе and polarйaliоn
impеdanс€ is modеlеd by induсеr (.) and r€sь'oЕ

сарасitor (&, q) е]еmеnts in sеfiеs wjth th€ sample
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гig. 5. Рt ьlасk elесtrodеs and iпduсtаnсe сЬагaсteгistiсs,
volta8е versus сuпent dеnsity at l00, з00' 700 аnd 1000 нz (a): thе limit of lif,еаriry is сoпtiпuously inсfеasеd with

fiеquФсy, Polaiйation сapaсitanс€ ve6us Фrelt dешiry at l00' з00' 700 and 1000 нz (b): Jr, indiсat€s thе сurrеnt dеnsrry
at l0% dеviаtion from linedity Еtr€ct of polaiization impеdanс€ аs funсtion of ft'еqueлсy (с): the imPedшсr qPoп€ntiallу
fadеs as tье fi€queDсy inсrеasеs' Apparеnt саpасitаaсе аs lunсtion of medium rеsistiviry (d): th€ iпduфanсе is еxtraсtql
ьy thе slopr ofth€ оbtainеd сurvе- Thе mедшmепts weге pегformеd at high ft€quеnсу (lмtlz) lo avoid the еlесtтod6

polariation еffесt

The rеsults indiоate thе limit deпsitу of 0.6 irwсIYf whеre i- is thе sarпple теsistаnсe' C- is thе samрle
at low fтсquonсies, uP to 2'4 fiAJcrff at 1 kHz. It mеаns сaрaсitаnсe; л and с аrе thе mеasured рarametеrs of
thаt thе limit оf linearitу shifts towards higher огrеtlt thе sa1rрle. Based on thе low volurnс fгaсtiоn ofсеlls,
dеnsitiеs as the flеquеncy is inсrcasеd, Based on those the shiеlding effесt сausеd by thе сеus is пеgligiьle' aпd
rеsults, the volta8е оf linеariry should bе s€t foт <200 mv therеforo, th€ гr|iaьility оfthis сorreсtion teсhniquе is
iп older to avoid пon-linеаI еffесts whiсh introduсе high [З9]-
signifiсant епors to the irлpеdаnсе signаl- Iлduсtаnсеоfleаd'саpасitolwаs e!'а|uаtеdathiф

Еleсtlode polarization was сorrесtеd fоr both
rcsistanсe аnd саpaсitaпсe еtrесts (Fig. 5с) based on thс
рroсedure suggostеd Ьefоre [38]. Ilеrе pola zation
сарaсitаnсr (q) and resistаnсe (R.) arc glvеn bу:

frequrnсy ( 1мнz) whеn tho mrasurеd irrрe.Ьnсе is freе
frоm polarizаtjon еffесts (Fig, 5d) [40]. нere the samplе
сaPасitanсе was meаsuгеd as а funсtioD of samplс
сопduсtiйtу (olосtrol)tе сonсentтation). Thе induсtanсr
is then сalсutatеd аs the slopс of thr obtаinоd сurvr,

dc-

а = (r 
- tлс.)').[л. *

J|.nL4, Й,)

k)

\ + (R.С.a)' (7\

dR:
(8)
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4. Results

4.l. Fluolеsсeпсe-aсtivаted сell soгtе.
[FAсs} and lluoIesсent miсrosсopy
oЬsегvatioпs

FAсs аnаlуsis of n8,4./J сеlls rеvеаlеd Ьinding
ofяP.l to сell memЬrаnе. tlistogram (Fig. за) dеmoDstтаtеs
85 % of thе сеlls thаt аrе stаiпеd with 

'P,{. 
The intensity

of сеll staining vеrsus сells sizс is shown by dot plols
(Fig. 3b). тhis p|ot indiсаtes thс honiogсneity ofthе tс.slсd
susрcnsion ьаsеd on [hе forwаrd sсattет (Fsс) of еасh
се]]. тhe oblаinеd rсsul ls indiсаtе that thе ta8gеd
suspеnsion (l,Р,4 +) is homogеnous, and thеrеfоте,
соnгlтm thе /e.lil? tаg8ing оп сеll9 mеmbri]nс'

stаble transfесtеd ,иDСк wilh S,.с/J.GFP aIе sссn
с]сагly by Лuorсsсеnсс mtfiosсoрс, тhе ovег еlрrеssing
сеl]s of green Protеin is distriЬuted through thе с,,toplasm
(Fi8. зс).

4.2. AFM апаIysis

тhe morphоlogiсаl раtаmсlсrs of сеl is wсrc
mсasuгсd usjng Atomiс Forсе Мiсrоsсoрy, тoрogrарhу
(Fig. l) of ьоth 

^''1BА 
and МDCK сe||s wаs rссoтdсd'

sеvеral сells were thеn analyzсd in оrdef tо oьtаin their
avcrаgc gсomсlriсa] dimелsjons' с]rоss-sесtion апаlysis
rеvеаled infoпratioп аьout thе аveгage dimensions of,4-'D,4
аrld ,ty'Dск сe|ls rcspeсбve|y: Avcгаgс |сnglh (сentтаl аxis):
24 цm' 26 }m; Averаgr width (сеotral аxis): l0 }rrц
18 !щ avегаgе hеiфt (сеntrаl axis)|I'2 Fm, l.6 рm.

4.3. Diеlесtriс measuтеments
вased оп thе tоpogrаphy of MBА afi MDСK cc|1s

(Fig. l)' both ofthеm саn bе ap?гoхirnаted as single-shеll
еllipsoids. неre thе сytoplasm Ь Ьound ьy a пЕmbranе of
finitе lhrcknеss 4 witь iлпеr dirrЕrьions л.? R,r' R'.' t}с
inlеrfасе {PhosPholiрids mеmbmnе). lhаl sсpагаles lhc
difгеrеnt die|есtriс laу€rs, introdiю€s two possible dispersion
meсhапisrпs саrвсd by tюth сonduсtivity and реrmittivity
djffеrеnсes bоtwеen thе Фoplasm and the eхterior mediurn.

When multiрle disрсrsions ехist, еaсh is sеnsitivе
to rеlaхation at а sрeоifiс interfaоe' Hcfo thе intеrfасе of
thе rnеmbrаnе-с}'tорlasm is rxpесted to be rrюst sеnsilivс
to the сhangеs related to сooduсtiйly and сapасitаnсе of
thсse сonponепts (rl,/а-n1€ ll-|уagnФ effФt'. It ЕЕaiв |ha|
thе induсеd dipolе, and hcnсс lhе сomPleх dir|есtriс
spссtrum, arе dер€ndеnt оn thе е|есtriсаl propeтtiсs of
both rnсmbranе аnd с},toplasm.

Duс to thс diоleсtr iс рropегt iеs оf сеl ls,  thе
с}toplаsm сoпduсtivitу аnd tь€ mсmьтаnе реfmittivity
should bс inf]uсnссd bу mo|есulаr сhапgеs oссuггйg оп
lhоse Phases rеspесtivеlу' Harc M B А and MDСK cel,| |ines
hаve bеen suЬjeсtеd to dielесtтiс speсtro6сopy. In аddition,

thс trсаtеd сell liлes of Ьoth stJailБ (MBА-lеc|i|l coa|ed'
МDСK. SЕC 13' wсrс invсsligаlсd and сompаrcd to lhе
untгеаtеd сеl|s-

Thе obtаinеddielесtriс sP€сtга ofthе сеlls аrе 8iven
in Fig.6, All ехpсrimоnts indiсаtса dispсrsion mссЬanism
whiсh is aосountеd foI lhе 

^41х\|,еll-'I/аgnе| 
effect

. iпlеrГасiа| po|агi lа l iоп), Addl l iоnаIl}..uЬ dьреrsioлs cгс
oblаined, whiсh rсsultеd from ]aтgе variation of thr
dePolarizаtion faсtots аlong the tlEеe аxеs. Тьс dсviаtiоn
of diе|есtriс valuеs агound l kнz ь rеlatеd tо lhe efгeсt
of еlесlrodе polarizаlioп. whiсh сап nol ьe сoгrссtоd
сompl.Jtеlу, Тhе stеер risе in сопdDсtivity vаluеs аt hiф
frequепсiеs js теlatсd to сontr ibut ion of addit ioпаl
disРеrsiofl mссhanism' whiсh ргobаblу is rеlatеd to рцrс
diеlесtгiс rеIaxation govcmсd bу pсmittivity djffcrenсеs
bеtwееn tЬе с},1oрlаsп and the mеdiurn,

сomраriпg tlrе сornplеx diеlесtriс spесtrа of м,,{
||/T (Wikl цpе,nn1Jeated сеlIs) сells апd th€ /"./i, сoаted
сe|ls (Fig' 6a) revеаls с|еar diffегепсеs bеtwееn those two
сcl| linеs' Тhе oЬtаinеd diеIесtriс соnstаnl (a, ) of the
tгeatеd сеlls is found to be highеr thаn thе 

''lzсеlls, 
тhis

risе is ехpесtеd duе to tьe рrсsсnсс of сhаrgеd gтouрs oп
lhс mсmbгаnе. whiсh aГtесl  i ls  саpасit ivе pаr l '
ArJtlitiоru||у. Ьаsеd оn thе diеlесrriс Iо\s ( г" } 9peсtrum
(Pig' 6d), сhangеs аrе also oьtаinеd on thе frеquenсу
disDеrsiоn сЬаrасtrristiс' неrе thс ]oss faсФf is shiftеd to
lowcr fгequеnсiеs duе to thе inсгеаse оf mеmbгaoe
саpaсitаnсс. Тhis is саuscd bу the сhange in polаrizаtioп
relaiatioп tiпЕ ofсеlls: f.,'--.Ф = | / т 

-.Й-.)! 
. уl|\icь is

аffссtеd fтom bоth пЕmbгane сaPасitаnсе and с}roрlasm
сonduсtivity ("'"'-.,, inсrсasсd).

Thе obtainеd I4DСK spe9tra (Figs, 6b, с),
demonstratе rеmarkаblс diftъrenсеs at rоlаIivс]y hi8h
ftequenсiеs whеn сhаrge and iоn migration (сonduсtive
polаrjzаtion) stаrt to fаde' тhis hapPeпs whеn thе
iiсquenсy exсееds tье inverse rеIaхаtioп timе ( r..'-* )
ofthr rrЕdiurn.rnсmЬrапс inlсrfасe. нerc thс sЕс,/J сс||s
ехhibil hiфrr disреrsion сharасlегistiсs соmparing to thе
иrсе|ls' This is рrobдbly сausеd ьy thе сhаngеs фсurтсd
in с}tФ]asm сonduсtivity, whiсh affосtсd thс с}1oplasm-
memьranе relахation timо, тhс сhafасtеristiс frеquеnсy
of сеlls (т-.- o,) is now inсгеasing duе tо thе deсIеase
in с',tорlasm rеsistivitу.

In oтdсI to еstirnдtс thс exaсl die]cсtriс раrаmсtеrs
ofthс сеlls, tЬе miх€d diеlесЕiс €quаtiоn (Еq. l ) wаs fitted
lo lhе ехрeгiпЕntаl dаtа. llerе thе ьеst рhese Frr&lЕters
ьavе ьссn еvalualcd basеd on tье аvemge vаluсs of 6
rneаsurеrnеnts for еасh сеll tл'е, Addjtionally' thе mеmbrап)
сonduсtjvitу' whiсh is vcгy loц еsресiаlly in non-eхсitaьlе
ооlls [41], was nеgleсt€d and assrulеd to hаve no €ffссt on
the oьtainеd spесtra. The tЬiсknеss of мDсr< аnd ,l-,в,4
mсmьranеs was tаken to ьe 6 шn [42-47], тhс fittеd
Dагaпr€*ers аrе suпurвгized iл Тaьlе 2.
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гig. б. Diеlесtriс spесtга оf MBА aт\d MDCK сe|| suspеnsions: diеlесtriс and соnduсtiйry spесtта of na,{ and MBА-Iес|in
suspensions (a), diеIесtгiс aпd сonduсtivity speсtra ot MDСK and I4DCK-sеc]., suspеf,sioпs Ф), high ftеquепсy

oьsепation оn nDсr аnd I.lDСK'secI| spе.\|z (c), loss spесtra of n'B,,{ and 
'Ia,{-leсli' 

suspепsions (d), lоss spесtra of
I4DсK zn.d мDСK.sеc]З susDеnsioos (е)
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DieIесtтiс сhаr.сtетistiсs of сells

се|l 0 €i o,(ns J cn)
мaA 8l 6.1l 0.5,1 68 7_24

ut E.5 7,5з 0.66 67 7.t2
МDсK E4 9,1 4.72 0.42 70 9.10
МDсK-Jс,/J 84 9,1 4.85 0-4З 7з 9.98

тhе oЬtainеd Phasе pаrаmetегs indоеd indiсate сlеar
сhаngеs ьеtwееn both I'т сеll lines alrd thеir mutаIrts. As
eхpФte4 the mсmьrane сараci|ar|сE ot lесtin tАggd MBА
ссl|s was fошid to bо ыgьer tьan in thе ,l"7ссlls. In аdditio0'
smаll сhangеs in с),tор]аsm сonduсtivity and Реrmittivity
arе nоtiсеd; those паУ bе relаted to sub stгuсtura] ot
molесrrlar сhаnges сausеd Ьy the /eсlrл Ьindirlg'

Тh.} phаsс pаmmetеrs of МDCi( сell lincs indiсatе
с|саr differсnсс in с}toр|аsm соnduсtivi!'у ьetwccn wT
аnd trеаtеd с€ll linеs. тhis сhаn8е is rеlatеd to thе ovеr.
еxpressiоп оf sEС1J Prоtеin'  Thе smal l  сhаngе in
сytoplаsm trюrmil(ivitу т&,tу ьс allriьuted ю tЬо роlafization
сhагaсtеrifl iсs of this pro|-еin rrhiсh is аddiliv; lo йе lоtаl
diсleсtriс pоlаrization ( €.", ) of the суtop|аsm.

ТЪе rffcсt of mеmbranс сonduсtiйtу wаs сvа]uаtсd
sеpaгаtely in ordеr tо avoid еrrors in thе fittеd Dагаmetеrs.
Phаsе pагаmсtсrs wеге Гоund lо bе indе;еndепt оf
rncmbranе conductivity tФ to vа|uсs of -|0 J s/m, Whсn
mеmbrаne сonduсtivity wаs inсrеаsed' пIаJor сhаn8es
wсrс obtаinсd on rnеmbrаnс pсrmittivity (t.Й)' Тhosс
сhanges howеver, didn1 affесl thе ratjо bеtwееn paтаllеl
plвsr рагamеtеIs of rг, and trеаtеd сеll linеs, on ooш
сel| typсs. lt mсзns tЬаt пtсmbranс сonduсtivity сan on|у
fundаmеntаl|у аffесt mсmbranе pеrmittivity. If lhe
сonduсtivity is low (low iоn сhaЛлеls aсtivity), thеn it
bсhаvеs likс s рurс diеlеоtгiс mсmbrano with largс
сарасitanсe vaiuеs. othеrwisе, whеn thс сonduсtiйry js
si8nifiсапt (hiф ion сьалле|s aсtivity)' the rnеmЬIаnе is
рагtiа|ly |r'mроd with the с)4фlasm аnd hсnсс, rсduсcs
thс еfтссtivе influепсе ofmсmьrane as isolаtins shеll.

5. Disсцssion

тhis sfuф is аimЬg to dеrnоistrаtе lhе usе ofDs
as a sсreerring tool аftеr сеllulаr and rrюlecular rnаrkers.
Thе sсreening ability of fine differenсes on mеmьrаnе
peгmittivity' аnd сytoрlasm сonduсtivitу, hss beсn
deпюnstrated using l'R,4 аnd Jt'Dс( с€lls rсsrЕсtively.
тhе аnаlysis is based on йe оoпрarison of diffеrenсеs in
intгa.сеllular protсiDs using,ty'Dск ovсr.exрrеssing s,с,l J
and men,IbrаDe binding of lеctiп oI ce|| siutrface of МBА
сeIЬ. The observed diсleсtriс sFвсtra allow с|est distinсtion
bеtween treаtф and шtreаted сell liD€s and hrnсe, сonfirm
the apрliеd ьiolo8iсal rnodifiсаtion on ьoth trеаtod сеll linсs'

Bаsоd on the fittеd phаse PaтaпIеtеrs ofсеlls' сhаngеs
in the пвtсhing dielесtriс сharасteristiсs ofthе tаgged ссIls
werе oЬsеrvсd (ъble 2). тhosr сьапgсs arc well adарlсd
lo thе сellulаr аnd пю|ссulаг slalс оf irюdifiсd ссlls. тhе
Iесtin сoatiog on MBА ce||s inсrеasеd mrmbrane
Pеrmiltivity' неrе thе mеmЬrаnе is morе pоlаr аnd
hydгophiIiс ссmраг|ng to thс mеmbгапL'оt lhi Lцrгс:ltсd
сеI|s. The obиiпеd rсIаtivс rюIrfinji|у \a1!6 (MBАJеclin=
= 1'5з, мRА = 6.|1' arе lhсreforr rФгсsсnhtivr of tь(Бе
сhangеs'

Thе с},tоPlasm сonduсtivio. оf n,r'Dск-sЕсl J сеlls
was сlеагlу аffесtеd ьy the ovеr.еxрressiоn of s,.с1'i
prоtеin. sЕсl.i is kпoriт to Ьe oпе ofthе пюst iпрoaanl
рrоtыns rеIаled to tгаnspоa rrЕсhаnism Ьеtwееn lhе ЕR
(Епdoplasmiс Rеtiсulum) аnd Go]gi ap0aгatus; lts mаin
aсtivity is rеlatеd tovesiсlеs ьuddingаnd rеleаsе [18' 49],
In с}'tоplasm' sgс,/J is found аs pаri of hсIсrooligоmеry
сornРlех ( |50 kDа) [49]. Bаsсd оn its rп'ссulаr fuлсlioп
it s.rems rеasoпaь|е thаl ovег-еxрrеssion of sЕс,/J will
lеad to аdditioпаl suЬ.схPfсssions аnd fo.mation of
аssoсiаtе proteins rсlаtеd to this сomplсх. Thсrсforс, thе
nеt mоleсulаr сhargс in с},loplasm will also ье affcсted
bу thosе produсls.

Thc obtайеd с}toрlasm сoпduсtivitу оf ,+1Dсr.
s'C1J сеlls (9.98 ms/сm) is thсrсforс pаrtiаlly affссtеd
bу thе aьovс рhоnomerloп, but it is not in сontгadjсtioп lo
the firndаmспиl fiпdiлg rеgaгding moге gеnегal сhаngе in
с}toplаsm сonduсtivity when соmpаr€d to thе паtivе сells
(9.3 ms/сm),

тhе оbtаiлrd diffсrспсcs in Dhаsс Dаramсtсrs of
ссl|s сan Ьe сlarifiеd tЬrough thс usе of equivalеnt h'ro
phаse lrюdеl, whiсь dсsсгiьс the nаfirrc of lelахation in
siп8le shеl| cllipsoid сеlls- неre, ttЕ induced diРolе deрсnds
oл thе eloсtгiсаI Propеrties of ьoth mеmьгanr аnd
сytoрlаsm' тЬеrеforе, the intсrnal intеrfaсе of the
mеmbranе аnd henсе thе тnеmьraпe-с}toplasm гelахаtlon
timе' should bс affссtеd ьy the molесular сhаnges
oссuтIiлg on thоsе two рhаsrs.

At а lo\ry fтequеnсy tье соnduсlive polаrizаtion is
dominant ovеr diеleсtriс роlarization; thеrеforе, thе
сonduсtive сhar8ing of mеfiьranе is produсin8 laIgе
polaгizаlion асross thе memьгапе. whеn the Aеauеnсv is
inсгезsed so thаl it еxсеeds lhе iпvеrsе ЛС tiпвоfЬе
фIагized rnеmЬгапr-с}1oрiasm iпtеrfaсe, fi eld рrn€t.ation
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into the cytoplаsm iпtоrior will oссuг, Iеsulting in
disретsion (ге]ахatjоn) thаt is govсmrd by lhе сoпduсtivity
oг tье сytop|аsm алd rrвmьгaле сзрасiиnсе,

тhе equivalent eleсtr iс с irсuit of thе аьove
рhenomеna is modеIеd bу lwo pam||еl л-с (геsistoт-
сapасitor) с|еmеnts [50.52] whiсh rеprеsепt thе
соnduсtivitу and сарaсitanсе of both mеmьгanе аnd
с},tоplssm' Thе rеlаxаtion time of thс еqujvalеnt s}ъtеm
is givеn ьy вquаtiол 9.

. ' R,'"R*\сo' +с*^), _ 

-"rц- 
(9)

тhс lhin diеIес|гiс mсmbrаnе саnзсitаnсе ls gjvеп

Е."^ / d.",ьу whel, d.,Й << d.|, therеforс, it is muсь

hiфсr thаn tьаt оf thе сcll intегior. siлсe rnembranc of
ъjo|оgiсal сrlls is сonsidеrеd аs low сonduсlivity е|еrnеnls

[41], thе fesistor сomponеnt (л.".) саtl ьс nсglrсtеd
(уiс]ds very high resist iv i ty). тhе low сonduсt ivе
mrтnbrane is thсn аssumed tо bе an idсаl insu|ating
D]еmьmnе. тhеrеfor€' thе сhargе rсlaxаiion tirrЕ is siпPlе
геsistоr.сaPaсitoт rеlахаtion lirrЕ' whеn the membrаnс
саpасilor is сouplоd to thе сonduс1ive с}4oрlssm (rеsistor),

т = R.||C.".,o Йеп = | l R *,- э 0

сеl| (Еq. 2) сan be modifiеd to Dеbye tуpe (Еq' ll)
[53-55]. lt should bе аssumql thаt both ofdЕ сoliponеnts
(mеmbгanс аnd с,'toplasm) arе toss free, and аlso have
wеlI dеfinеd сonstaпt сьаrасtеrist iсs аt the givеn
frсчuеrюy mngе. Тhis assшnption doеs nоt exсlude lhе
possiьility that thosе сomроncnts derrюnstгаt€ diсlссtriс
Ioss jn hiфеr frеquепсy range.

_ € ' .  _ € . ,  d'
,"  ,"-| . j 'n, '1aх^' l- ' .у, ,  (  I l )

tlerс€}r is t}Е limit is йe limil ofреrmiftiйty at hiф
liequеnсу, is thе disреrsion rragnitudе, is thе rеlaxalion
timе, is thе angulat frеquenсy and is thе & соndЦоtiйty аt
low fiequеnсias' Basеd on Еqs' ll and 2, thс rо]aхation
time aсross еаф aхсs ofthе еllipsoid is givсn by:

t* +(L'' -vt'\сi _ сi-)

Foг low conduсting and vеry thin mеmbranе thс
гс]ахalion tir)le is fewrittеn as:

е:^

o.. + (t,* utr\o, - o"-)

o,\L, -vt,) '

\Ltk -уL*)э0

(t2')

( lз)

Tаьlе 3

(10)

ln order to dеfinе lhe гelaxalion lirne in еllipsоid
сеlI systсms, tЬе p€rmittivily сqшtiоn fоr shеIlсd сllipsoid

Thе rе|аxation timеs аnd сharасtеristiс fi.сquсnсiеs
of both oаtivс and trеаtеd MBА and MDСK се|| ||nes ate
surnmагizсd in тable з. In аddilion' thе diеIeсtriс |оss
sр€сtra оf сеlls arе givсn in Fig. 7'

С^^ >> С-,

Rсlrrltioп аnd frequeпсу сhsrасtеristiсs

ссIl т,(s, J,Wrlzl r,(s) I'QД14 n(s) f'Фnz')
МвА l i .9.t0 ' L1 г' t . l . l0 ' 76.9

l . l .  r0 0.9 2.9 г t.7.10" 58.11
Мl)сK 5,з. l0 ? L9 9.4 0- 10.6 8.2.10' t2l
MDсK.'@ /J 5.1 10 ' 2.O 8.9 I t.2 't.9.to- 126

As suggеslеd in tьe rеsuh sесtiоn, botь се|| linеs
охьiьit diffеrепсеs in rеlaxatioп limes ьсtweеп I'lг аnd
mutаnts (treаtеd се||s). вoth diffеrсnсеs afе attributеd to
сhалgеs oссurrеd oп суtoplasm сonduсt iv ity and
mсmb.anе pстmittivity whiсh аffесted the сonduсtivе
геlаxаtion oftЬe сells. тЬe inсгеasе оfrelахаtion tirnеs iп
МBА.Iес|in tаggеd сеlls is attributed to the risе of
mеmbranе рrrmittivity. ноlе thе сhaтging еffссt саusrd
ьy /eсrи aDtibodies, inсrедsеd thе mеmbrane сapaсjtanсr,
аnd hеnсе, jлсrrаsеd thr lelaxаtion timеs ofthс ссlls. тhе
орро6itе еffссt is оьseгved in /иDсr( с€ll linеs. Hеrc the
oveг.expгоssion оf sЕс./ J ртotеin inстеаsеd thс с}'tоplasm
сonduсtivity (rеsistivity dссrеased) and hеnсr, thе

rеlахation timсs wеrе found to bо lowеr thаn ехDесtеd,
тhе еquivalеnt loss Plots (Fig. ?) suррort those findjпgs,
Ilоrе thе сhaтaсtеfistiс frеquеnсiеs found to ьс sljghtly
shiftеd ассordin8 to lhе с1rа1r8еs oссurrсd in rеlахation
tirrЕs of ьoth сеlls'

Tьosе сhangеs аrе diтесlly аttгiьutеd lo tьe
diffеrenсеs oсcurred in diеlесtric сhsrасtеristiсs of thе
treate.1 ce]^|s (MBА - lес|i|l, ,l,1Dск. sfс1з) сoпpaIing to
the nаtivе oncs. of соUrsе, с}Цngсs on relaxаlion timеs
of сells lезd to сhangеs oп rеlaхдtion tiпrеs of thе wЬole
сеlЬ-medium sуsterц aпd thеrcfore, diffеrеnсеs аrc also
obtаined iл lЬe diс|есtгiс speсtra аs prеsеntеd in Figs' 6d
and r.
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тhе uлiquе findiлgs prеsoltсd in thЬ study hiф|iфt
!hе powеr ofdiеlесtric spссtrosсoрy аs a potential sсrеenjлg
too] after moleсular and сеllulаr тnатkrтs. нсre, tar8еt
idеntifrсation of sp€оifiс соllular рhеnot}?еs has ьeеn
deпюnstfatеd using diеleсtriс sстeеning mеthоd, Using thе
ftndаmелtаls of mjхсd dieleсt с theoriеs, the eleсtriс
prфстtiеs of сеlls wеrо dеtrrmiпеd ьу fitting thе wеll-
еslablishсd slвllеd€lliрsoid пIodе| into thе rrЕasulеd spесЕa'
Thosе шiquе proрrtiсs wcre foшd 1o be wеll adарted to
tlЕ rrюlесulаг and struсfural state of tьe аnаl}zеd сells.

Lisl of symboь
rR;,Л,у,Rд . Sсmi aхes ofсell.

д' . тЬiсknеss of phospho]ipids membrane.
y'{ . Numьеr of сells.
Ф - volшrЕ ffaсtion ofсс]ls'

€; . сorпрlex реrmittiйty of сxtеma] mсdiшц whеn:

e; = с; -.iсi = A; jo- /(a€o)'

€; . сotttрl€x рermjttiйty of rn€mbranс' when:

сl. = с* - jсi. = е,". - jooЙ t(@€.).

ei - Corrрlex рermittiйty of сytФlasп' rrfien:

сi = е,i - jei = e,t- jot l(@ri.

€o . Permittivitу of ftе€ sрaсe = 8'85 .l0.l, с'lr''',.
r,,?а . ЕхtеmаI rrЕdium'
mеm - |\4efihfit|е.
сy' - сytopjasm'
d - тhiсkлеss.

тhr hjф sensitivity of Ds, аs dеrnonslratсd hеrе
as wrl| as bу oiЬеr authoБ [6-9,21-25' 56-6l]' hаs a
Fomising potеntiаl as a sсIeеnin8 too! on live сеll librаriеs.
It can bе used lor qi]аntativr аnd systeпatic anаlysis on
multiplе Miсroliьraгiеs lаbе]еd \Yitь spесific proьсs in non
invаsivе аnd non dеstruсtivr way. It сan a|6o allow rеal
timе sсrееning аfter fine bioсhemiсаl effесts on both
сellulаr аnd molссulaт lеvel, whiсh саn not ье dеtесtеd
using th€ tгаditional sсrеening аssаys'

s

!

Fl& 7. Lnss sp€сlга оf n'B,, a,rd t|DСK се||s| мBА 
^Id 

MBА-lеctin сc||s (^'' MDСK 
^т\d 

мDСK-sес! 3 сc||s (ь).
tlgе lhе lo6sеs are 8ivсn by lhе r. /' z ax€s of Фlls
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